Abstract To explore the possibility of decreasing the radiation dose during digital tomosynthesis (DT) for arthroplasty, we compared the image qualities of several reconstruction algorithms, such as filtered back projection (FBP) and two iterative reconstruction (IR), methods maximum likelihood expectation maximization (MLEM) and the simultaneous iterative reconstruction technique (SIRT) under different radiation doses. The three algorithms were implemented using a DT system and experimentally evaluated by contrast-to-noise ratio (CNR), artifact spread function (ASF), and power spectrum measurements on a prosthesis phantom. The CNR and ASF data were statistically analyzed by a one-way analysis of variance. The effectiveness of each technique for enhancing the visibility of the prosthesis phantom was quantified by the CNR (reference dose vs. 20 % reduced dose in FBP, P = 0.62; reference vs. 37 % reduced dose in FBP, P = 0.16; reference vs. 55 % reduced dose in FBP, P < 0.05; reference vs. 20 % reduced dose in IR, P = 0.92; reference vs. 37 % reduced dose in IR, P = 0.40; reference vs. 55 % reduced dose in IR, P < 0.05) and ASF (reference dose vs. 20 % reduced dose in FBP, P = 0.25; reference vs. 37 and 55 % reduced dose in FBP, P < 0.05; reference vs. 20 % reduced dose in IR, P = 0.16; reference vs. 37 and 55 % reduced dose in IR, P < 0.05). The power spectra under the reference and reduced doses are equivalent. In this phantom study, the radiation dose of the reference dose could be decreased by 20 % with FBP and IR for consideration of common factors.
Introduction
Digital tomosynthesis (DT) combines the benefits of digital imaging [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] with the tomographic benefits of computed tomography. The DT approach can be easily implemented in conjunction with radiography at reduced radiation doses and cost. DT can provide three-dimensional (3D) structural information.
Artifacts deteriorate the image quality by reducing the contrast and obscuring details, thereby hindering the detection of structures of interest and possibly leading to misdiagnosis. In the presence of metallic joint prosthesis or osteosynthetic materials, the metal implant and the interfaces between the implant, the dose, and the surrounding tissue should be evaluated. Hematoma or inflammation in the adjacent soft tissue must also be ruled out. However, artifacts greatly complicate the evaluation of these features, frequently rendering the images uninterpretable by conventional image reconstruction, even when hard convolution kernels (Ramp or Shepp-Logan (SL) filter kernel) are used such as filtered back projection (FBP) [14] . In DT, artifacts occur as very low signals along the sweep direction around the edges of highly attenuating materials such as metal prosthesis or osteosynthetic materials. These artifacts are predominantly caused by the reconstruction of very low-level signals in the shadow of the highly attenuating object. The limited sweep angle also contributes but to a much lesser degree. Some improvement techniques are suggested to overcome these FBP problems [8, 16] .
Besides FBP, the iterative reconstruction (IR) method has been explored in DT for arthroplasty [18] . IR was found to effectively decrease quantum noise and radiation exposure and may improve the image quality over the conventional FBP technique. However, this previous report was limited to comparisons of FBP and algebraic IR and the simultaneous iterative reconstruction technique (SIRT) [19] and the evaluations of a simple prosthesis and contrast-detail phantom under constant radiation dose. Therefore, it is necessary to evaluate the optimal radiation dose and image quality in prosthesis imaging of each reconstitution methods.
Here, we explore the following three reconstruction techniques: conventional FBP, statistical IR-maximum likelihood expectation maximization (MLEM) [20] , and an algebraic reconstruction technique (i.e., SIRT). We evaluate and compare the characteristics of the reconstructed images and the possible reduction in the radiation dose, applying the FBP, SIRT, and MLEM algorithms to prosthesis phantoms. The algorithms were implemented using a DT system and experimentally evaluated against measurements on a prosthesis phantom.
Materials and Methods

Phantom Specifications
To evaluate the image quality (implant and artificial bone introduced the artifacts and contrast, respectively), we immersed a prosthesis phantom containing an implant in the center of a polymethyl methacrylate case filled with water (case dimensions φ 200 × 300 mm; Fig. 1 ). In phantom experiments, water is often used as the substitute for soft tissues. The area of the phantom that was filled with water was considered to be the composition which simulated soft tissue. The phantom was an artificial bone (orthopaedic humerus models (model normal anatomy, canal diameter 9 mm, overall length 300 mm), Pacific Research Laboratories, Inc, WA, USA). The implant was a TRIGEN Humeral Nails Proximal Straight (model 38153000, diameter 8 mm, overall length 160 mm), from Smith & Nephew Orthopaedics KK Inc, Tokyo, Japan. In the prosthesis phantom, we assumed an internal fracture fixation (intramedullary fracture fixation) simulating a humeral proximal fracture. The prosthetic phantoms were designed to evaluate the reconstruction quality of in-focus plane and out-of-plane images.
DT System
The DT system (SonialVision Safire II; Shimadzu Co., Kyoto, Japan) consisted of an X-ray tube with a 0. [21] . The reference radiation dose was the dose generally used in clinical practice (the clinical task was to assess the prosthesis). To sample the projection images during a single tomographic pass (74 projections) and reconstruct tomograms of the desired height, we used a (1024 × 1024) matrix with 12 bits per image. The reconstructed images (0.279 mm/pixel) were obtained at 1-mm reconstruction intervals using an antiscatter grid (focused type, grid ratio 12:1). The source to isocenter and isocenter to detector distances were 980 and 1100 mm, respectively (the latter is equivalent to filtration through 3.0-mm aluminum).
The Reconstruction Algorithm
The impulse shape of the reconstructed image was restored by two-dimensional (2D) image filtering, which multiplies the Fourier transform by a Ramp or SL filter kernel. The FBP algorithm generally yields precise 3D reconstruction images [14] . In this study, the FBP images were reconstructed by a conventional Ramp or an SL filter kernel.
Unlike the one-step operation of back projection and FBP algorithms, IR algorithms perform a recursive reconstruction [22] . IR iteratively updates the unknown linear attenuation coefficients by minimizing the error between the measured and calculated projection data.
The original method in this family of algebraic reconstruction techniques (ARTs) [19] has been already characterized. ART rapidly converges because it updates the linear attenuation coefficients from a single projection value at each time point. However, if the inverse problem is severely ill-posed, as occurs in a limited angle reconstruction, the least squares solution can contain considerable noise. Several improved variations of ART have been proposed. For instance, ART can be modified for compatibility with other methods such as SIRT (which performs adding and multiplying operations, we chose adding type in this study) depending on the volume of projection data and method used to update the current estimation. MLEM methods consisting of two steps per iteration (i.e., a forward step for modeling the DT acquisition process and a backward step for updating the reconstructed object) have also been proposed. MLEM and SIRT (adding type) are applied iteratively, such that the reconstructed volume projections (computed from an image formation model) resemble the experimental projections. In the present study, we maximize the contrast and minimize the artifacts by ten iterations of MLEM and SIRT (adding type). The FBP, MLEM, and SIRT (adding type) image reconstruction calculations were implemented in MATLAB (Mathworks, Natick, MA, USA) [23] . The data for the reconstruction were real projection data acquired by a DT system.
Evaluation
To evaluate the effects of image quality (i.e., contrast and artifacts) on the reconstructed image features in the in-focus plane, we calculated the intensity profile and measured its contrast-to-noise ratio (CNR). To evaluate the effects of artifacts on the reconstructed image features in the adjacent outof-plane area, we calculated an artifact spread function (ASF). For DT acquisition, the phantom was arranged parallel to the detector plane.
We compared the intensity profiles of different reconstruction methods and radiation doses in the in-focus plane. In these comparisons, we evaluated the regions of the stem containing artifacts after processing by each technique. The intensity profiles were set to 132 pixels.
To quantitatively evaluate the reconstructed image quality (contrast), we calculated the image contrast derived from the CNR of the selected two features (area of femoral head and diaphysis) and then determined the low-contrast detectability (40 × 20-pixel region) in the in-focus plane for the detailed detection of bone changes. The CNR is defined as follows:
where N 1 and N 0 are the mean pixel values of the object (artificial bone) and background, respectively, and σ 0 is the standard deviation of the background pixel values. The parameter σ 0 includes not only the photon statistics and electronic noise in the results but also the structural noise that can obscure the object. Wu et al. proposed an ASF metric for quantifying artifacts observed in planes outside the focus image plane [20] . These artifacts, which resemble real features, are generated from real features located within the focus image plane. The ASF measurement reflects the ability of DT to differentiate features that are superimposed along the tomographic slice direction. The ASF of artifacts exhibited in the image plane is given by
where z 0 and z are the locations of the real features in the infocus and out-of-plane images, respectively. N artifact (z 0 ) and The effects of contrast and artifact were assessed by a oneway analysis of variance and multiple comparison (i.e., the Tukey-Kramer test). In these tests, we compared the CNR values of the reconstruction algorithms at different radiation doses. The sample numbers were 16 (for CNR) and 152 (for ASF). The statistical analysis was performed in SPSS for Windows, version 21.0 (SPSS Inc., Chicago, IL, USA). Probability (P) values < 0.05 were assumed as statistically significant.
Frequency analysis measures the spatial frequency components in DT images. For a frequency analysis of the DT images acquired under the reference and reduced radiation doses, we computed the normalized power spectrum [24] , which shows the contribution of each component in the image construction. Compared with the spectrum of an imperfect image, it also reveals image deterioration. The power spectral analysis was performed over the whole image.
Results
The reconstructed images of the prosthetic phantom obtained by conventional FBP (with Ramp and SL kernels), SIRT (addition type), and MLEM are presented in Fig. 2 . Figure 3 shows the intensity profiles of the stem generated by the conventional FBP (with Ramp and SL kernels), SIRT (addition type), and MLEM. The features in DT images generated by the SIRT and Fig. 2 Comparisons between the images obtained from tomosynthesis and the imaging algorithms of conventional filtered back projection (FBP), simultaneous iterative reconstruction technique (SIRT), and maximum likelihood expectation maximization (MLEM) in the in-focus plane. The window width and level of the prosthesis phantom display are varied to visually compare the contrast and background gray level. The X-ray source is moved vertically along the image. The signal intensity profiles were measured in the displayed areas. FBP (Ramp) a reference radiation dose, b 20 % reduced dose, c 37 % reduced dose, and d 55 % reduced dose; FBP (SL) e reference radiation dose, f 20 % reduced dose, g 37 % reduced dose, and h 55 % reduced dose; SIRT (adding type) i reference radiation dose, j 20 % reduced dose, k 37 % reduced dose, and l 55 % reduced radiation dose; and MLEM m reference dose, n 20 % reduced dose, o 37 % reduced dose, p 55 % reduced radiation dose, and q reference radiation dose of projection images (0.54 mSv). The reference dose (0.54 mSv) and its reductions by 20, 37, and 55 % (0.42, 0.33, and 0.24 mSv, respectively) are the same in all methods MLEM methods contained reduced artifacts in the vertical direction (X-ray sweep direction). In particular, artifacts were reduced in the peripheral regions of the prosthetic phantom. Figure 4 presents the ROIs in the prosthetic phantom and plots the CNR results. The contrasts (ROI 1 femoral diaphysis) in FBP and IR yielded approximately equivalent CNRs for the reference radiation dose (0.54 mSv) and the 37 % reduced radiation dose (0.33 mSv). For the FBP, a CNR value of the same radiation dose became a similarity with radiation dose reduction. For the IR, the CNR difference of the same radiation dose was constant. Because of contrasts (ROI 2 femoral head) in FBP and IR, the CNR value in the same radiation dose became a similarity with radiation dose reduction (Fig. 4) .
In FBP and IR, the contrast differences between the reference radiation dose ( Figure 5 presents the ROIs in the prosthetic phantom and plots the ASF results. The SIRT (adding type) and MLEM methods removed the highest number of artifacts. The artificial image tended to need enlargement at low radiation doses. The image quality was always higher under the reference radiation dose than under the reduced radiation doses, regardless of method.
Comparing the intensity profiles, CNRs, and ASFs under different radiation doses, we find that in FBP and IR, to preserve the high contrast and low artifacts (consider the common factor of CNR and ASF from statistical tests) of the reference dose image, the radiation exposure must be under 20 % reduced dose. Figure 6 plots the power spectra under the reference radiation dose and 20 % reduced radiation doses. The power values of the spatial frequency components are comparable among the three doses, implying that lower radiation doses largely preserve the image integrity.
Discussion
Our empirical results, obtained by various methods, clearly demonstrate the feasibility of reducing the reference radiation dose by 20 % in IR and FBP methods.
From the intensity profiles, CNRs, and ASFs presented in Figs. 3, 4 , and 5, we can quantitatively evaluate the efficiency of the DT technique. In the CNR experiment of the FBP-and IR-obtained images, the detectable contrast was very similar under the reference radiation dose and the 37 % reduced dose (however, under dose reductions of 37 and 55 %, the artifacts increased). We think that to consider the common factor of each dose image, the radiation exposure must be under 20 % reduced dose. These results suggest that we can reduce the DT radiation dose administered to patients.
Rather than assuming even noise distribution across the entire image, SIRT selectively identifies and then subtracts noise from the image using a mathematical model based on an algebraic matrix. MLEM identifies the reconstructed image that maximizes the likelihood of observing the particular projection measurements [20] . Because each iteration of the MLEM algorithm amplifies the high-frequency noise in the data, a reduction in the number of iterations may optimize the detection of low-contrast objects in this method.
In general, image artifacts are caused by a loss of the largest normal contributions from artifact-free voxels. Consequently, the contributions of these voxels are reduced from their original values. Conversely, a voxel receiving a single abnormal contribution while retaining all other contributions (including Fig. 4 Comparisons of the contrast-to-noise ratios (CNRs) in the in-focus plane images obtained by tomosynthesis under different radiation doses. Image contrast derived from the CNR of the selected two features. Top image indicates the object and background areas of the CNR measurements its largest normal contribution) tends to exhibit higher values than its neighboring artifact-free voxels. In this case, the artifact-free voxels are more noticeable against the background than the natural voxels. Although this phenomenon compromises the FBP technique, such artifacts are very conspicuous in comparisons with artifact-free images.
Quantum noise seriously degrades the resolution of radiographic contrasts. This noise increases as the inverse square root of the X-ray exposure dominates the noise at low radiation levels. Quantum noise limits the technical practicality of reducing the radiation doses in DT systems below those of conventional tomography. However, if quantum noise can be ignored, tomograms can be obtained under the technical specifications of radiography. Moreover, by reconstructing numerous image slices from a single low-dose image data acquisition, DT overcomes the difficulties of geometric tomography.
Most studies evaluate a technical report about prosthesis imaging under constant radiation dose [8, 15, 16, 18] . We think that it is useful that we investigate radiation dose and its relation with image quality and we were able to suggest optimal radiation dose. We believe that the results of this paper will become a guideline for imaging acquisition condition determination when considering of image quality.
Our phantom study has some limitations. The materials constituting the prosthesis phantom only simulate the arthroplasty; i.e., we tested artificial bone and implant. Our results should provide useful reference data for physicians desiring to reduce radiation exposure to their patients.
Conclusion
We compared various DT reconstruction methods in a prosthesis phantom study. We found that in FBP and IR, the radiation levels can be decreased by 20 % (relative to the reference dose) without largely compromising the image quality.
